The extent to which the acute phase response (APR) influences iron status indicators in chronic infections is not well documented. We investigated this relationship using reported recent fever and 2 acute phase proteins (APP), C-reactive protein (CRP), and a-1-acid glycoprotein (AGP). In a sample of 690 children matched on age and helminth infection status at baseline, we measured plasma for AGP, CRP, ferritin, transferrin receptor (TfR), and erythropoietin (EPO) and whole blood for hemoglobin (Hb) concentration, zinc protoporphyrin (ZPP), and malaria parasite density, and we obtained maternal reports of recent fever. We then examined the influence of the APR on each iron status indicator using regression analysis with Hb as the outcome variable. Ferritin was inversely related to Hb in the APR-unadjusted model.
Introduction
WHO estimates that one-third of the world's population is anemic and that~50% of all anemias can be attributed to iron deficiency (1) . This is often exacerbated by infectious diseases such as malaria, HIV/AIDS, and helminth infections. Together, iron deficiency and infectious diseases contribute to the high prevalence of anemia that mainly affects women and children (2, 3) . The consequences of iron deficiency in infants and children include impaired cognitive performance, impaired motor and language development, and reduced appetite (4) (5) (6) (7) (8) (9) .
Despite the public health burden of iron deficiency and anemia, ascertaining the validity of iron status indicators in populations prone to chronic infections remains problematic (10) . In populations where iron deficiency is prevalent, many other nutritional and infectious processes may interfere with the interpretation of iron status indicators (11) (12) (13) . Two commonly cited phenomena are hypoferremia of inflammation and the rise in ferritin concentrations. The host modifies iron metabolism to make iron less available for pathogens, resulting in a decline in circulating iron with the onset of inflammation (14) . In addition, ferritin, an indicator of iron stores and a positive acute phase protein (APP), 7 is elevated in a manner comparable to the other APP, C-reactive protein (CRP) and a-1-acid glycoprotein (AGP) (14, 15) . Thus, in a population with frequent exposure to endemic disease, infection may distort estimates of iron status. In Zanzibar, this distortion is more pronounced in younger children compared with school children or adults, because in these older populations, malaria infection is less frequently associated with symptomatic malaria disease (16, 17) .
To avoid such distortion, some investigators have sought to use iron status indicators that are less perturbed by infections or inflammation, such as transferrin receptor (TfR) (2) . However, using a single iron status indicator depicts only one stage of iron depletion, such as tissue iron deficiency in the case of TfR (18) . Therefore, to provide a precise quantitative measure of body iron over a broad range of iron status, multiple iron status indicators are needed (10) and so this enhances the need to correct for subclinical infection or inflammation.
To address this need, WHO and CDC recently called for more research on the best use of APP in addressing the influence of the acute phase response (APR) on iron status indicators in the context of chronic infections (10) . APP provide an advantage because their concentrations in plasma change in response to any infection, even latent infections when there are no apparent clinical signs (19, 20) . Fevers are common in children living in the tropics and reported recent fever is simple to determine and is advantageous, because it does not involve drawing of blood. However, recent fever may not be an adequate marker of subclinical infections. We therefore endeavored to: 1) determine the relationship between chronic infections (malaria and helminth infections) and APP; 2) explore the relationship between APP and iron status indicators; 3) determine the concentration of iron status indicators in different stages of inflammation as defined by APP; and 4)determine to what extent adjusting for the APR (reported recent fever, AGP, and CRP) reveals the expected relationships between hemoglobin (Hb) concentration and iron status indicators [a positive Hb-ferritin relationship and inverse Hb-zinc protoporphyrin (ZPP), Hb-TfR, and Hb-erythropoietin (EPO) relationships].
Methods
Study site. The study was conducted in Wete District of Pemba Island, Zanzibar, United Republic of Tanzania. At the time of the study (2003) (2004) , P. falciparum malaria was highly prevalent (~80%), with no distinct evidence of seasonality (21) . The soil-transmitted helminths Ascaris lumbricoides, Trichuris trichiura, and hookworm species (Ancylostoma duodenale and Necator americanus) are endemic in this population (22) .
Study population. The study was conducted on archived plasma samples and data collected as part of a clinical trial designed to test the effect of early helminth infection on growth, anemia, inflammation, and appetite (International Standard Randomized Controlled Trial no. 83988447; R. J. Stoltzfus, H. J. Haji, V. J. Wright, D. Goodman, Q. Bickle, M. Ramsan, and J. M. Tielsch, unpublished data). The study recruited 2322 children aged 6-23 mo who were screened for helminth infections and were randomly allocated to mebendazole treatment (3-d course, 100 mg twice per day) or placebo repeated every 3 mo for a 12-mo period. To study inflammatory mechanisms, a subsample was constructed that was enriched in infected children. The subsample consisted of 230 age-matched triplets (690 children) selected on a 2:1 ratio according to their infection status at baseline (2 helminth-infected for 1 uninfected child). This paper is a cross-sectional analysis of the biochemical indices of the subsample group of children before randomized treatment was applied. The full details of this immunology cohort are published elsewhere (23) . The study was approved by the ethical review committees of the London School of Hygiene and Tropical Medicine, Johns Hopkins Bloomberg School of Public Health, Cornell University, and the Ministry of Health of Zanzibar. Because of the high rate of illiteracy among parents, verbal informed consent was obtained from the mothers or from the guardians of all enrolled infants, documented by signature of a literate witness, following the ethical review committees' approval.
Measurement of biochemical indicators.
A venous sample of at least 3 mL was taken from the antecubital vein into a heparinized blood collection tube (Sarstedt) and a few drops taken from the butterfly needle tubing into an EDTA capillary collection tube (Sarstedt). Heparinized samples were centrifuged at 288 3 g for 5 min at 218C and plasma divided into aliquots. Drops of whole blood from the EDTA collection tube were used for the determination of Hb using a HemoCue hemoglobinometer and determination of ZPP using a hematofluorometer (Aviv Biomedical), both of which were calibrated prior to use. Quantitative plasma AGP was measured by radial immunodiffusion kits (Kent Laboratories) and plasma CRP was measured as previously described by Wright and Bickle (24) . Plasma ferritin and plasma EPO were determined by an automated immunoassay system (Immulite 1000, Siemens Medical Solutions Diagnostics) and plasma TfR was measured by ELISA (Ramco Laboratories). The CV for the laboratory assays was typically ,10%. Because pediatric blood samples are difficult to collect and we had a limited amount of plasma in some children's samples, we prioritized assays by considering the importance of the assays in addressing the study aims. Thus, we report different sample sizes for some analyses. However, these subsample children for whom we have full biochemical results have similar characteristics to those with missing values for the analyses (data not shown).
Measurements of infections.
Whole blood from the EDTA collection tube was used to prepare duplicate thick blood smears within 4 h of venipuncture. The blood film was left to air dry and stained with 10% Giemsa and studied for malaria parasites by microscopy. Approximately 100 fields were scanned and the numbers of parasites were counted up to 200 leukocytes. If the number of parasites was #9, the numbers of parasites up to 500 leukocytes were counted. The number of parasites per mL was calculated by number of parasites 3 8000 divided by the number of leukocytes counted, where 8000 is the standard for the average number of leukocytes per mL and so allowed for a reasonable comparison between patients. Species determination was not undertaken, because previous research in this site has documented that P. falciparum is the nearly universal species (17, 25) .
Ascaris, hookworm, and Trichuris infections were diagnosed by examination of 3 stool samples using Kato-Katz and sedimentation methods to maximize detection of light infections (26) . Duplicate KatoKatz slides were made from stool samples collected over 2 d. The preparation of slides was according to the WHO protocol (27) . The simple gravity sedimentation method was done as described by Goodman et al. (2007) (26) . Recent fever was assessed by 5-d maternal recall using the local term for fever.
Statistical analysis. We analyzed the data using SPSS software (version 16.0). Ferritin, TfR, EPO, and CRP were normalized by log 10 transformation before analysis. Elevated APP concentrations were defined as AGP .1 g/L (28) or CRP .3 mg/L (29) . A Hb cutoff of ,100 g/L was defined as anemia and ,70 g/L was defined as severe anemia (1). The anemia cutoff was lower than the WHO recommended cutoff for this age group, because there is evidence that the screening performance of Hb is optimized when a race-specific criterion is applied (10 g/L lower for blacks) (30) . Iron deficiency was defined as ferritin ,30 mg/L, ZPP .120 mmol/mol heme, or TfR .8.3 mg/L. We used a higher cutoff for ferritin than the normal cutoff of 12 mg/L to account for depleted iron stores in the presence of infection (1). To determine the relationship between chronic infections (malaria and helminth infections) and APP, we used descriptive statistics and tested for differences between means and proportions. P , 0.05 was considered significant. Because both the malaria parasite density data and the helminth data were skewed to the left, malaria infection was coded as positive or negative, i.e. a positive slide indicated presence of malaria infection and helminth infection was coded as no helminth or any helminth, i.e. a positive slide indicated presence of any of the Ascaris, hookworm, and Trichuris infections.
To assess linear relationships between APP and iron status indicators, we used Pearson correlation coefficients. a-1 Anti-trypsin, an APP, was also measured but did not correlate significantly with any of the iron status indicators and therefore was not included in the analyses reported here. We then constructed contingency tables to categorize children into groups according to their inflammation status using APP and iron status indicators. ANOVA was used to compare the mean values of the subgroups. Pairwise comparisons between each pair of means were examined using Bonferroni post hoc comparisons. Chi-square tests were used to compare proportions. P , 0.05 was considered significant.
To determine to what extent adjusting for the APR (AGP and CRP as continuous or categorical variables and reported recent fever) explains the expected relationships between iron status indicators, we used nonparametric exploratory scatter plots with Lowess smoothing followed by multiple linear regression analysis. In the Lowess method, scatter plots of Hb and each iron status indicator were constructed and Lowess smoothing was applied to illustrate the correlation between Hb and the iron status indicator. In the regression analysis method, Hb was the outcome variable and each iron status indicator was modeled singly without the APR and adjusting for the APR. We examined for significant interaction terms between the iron status indicators and the APR. For all tests, P , 0.10 was considered significant. Hb was chosen as the outcome variable, because the shape of its continuous relationship with ferritin, TfR, and EPO is known. Comparison of the observed to the expected relationship of indicators with Hb was used to assess the degree of distortion caused by the APR. A forward stepwise regression analysis was used to achieve the best fit model as determined by R 
Results
Demographic, infection, and biochemical characteristics of the children. The age of the children was 17 6 4 mo and 50.8% were males. The prevalence of malaria infection was 24.5%, whereas by design, 70.1% of the children in the sample had 1 or more helminth infections. About two-fifths (43.6%) of the children reported fever in the 5 d prior to the interview date. The CRP concentration was 4.09 mg/L, (1.73-13.25 mg/L) and that of AGP was 1.57 6 0.66 g/L, indicating a high degree of inflammation in the study sample. The mean and median values of Hb and other iron status indicators were beyond the known cutoff limits (1) and therefore were strong indicators of a population with a high incidence of iron deficiency and anemia ( Table 1) .
Chronic infections and the APP. Children with malaria infection, with or without helminths, had higher plasma AGP (P , 0.001) and CRP (P , 0.001) compared with malaria noninfected children with or without helminths. In contrast, the 
APP did not differ among children with or without any helminth infection (with or without malaria infection) ( Table 2 ). In addition, the prevalence of elevated APP concentration [defined as AGP .1 g/L (28) and CRP .3 mg/L (29)] was higher in malaria-infected children compared with children not infected with malaria (P # 0.001) with or without helminths. This was not the case for helminth infections with or without malaria infection ( Table 2 ).
The association between APP and iron status indicators.
Ferritin was positively correlated with both AGP (r = 0.524; P , 0.001) and CRP (r = 0.515; P , 0.001) but inversely correlated with Hb (r = 20.189,; P = 0.002) ( Table 3) . Other iron status indicators that are thought to be less perturbed by inflammation (ZPP, TfR, and EPO) were also correlated with AGP and CRP (P , 0.05 for all comparisons). However, the strength of the positive correlation with the APP was moderate (0.5 , |r| , 0.8) in the case of ferritin but weak (|r|#0.5) for the other iron status indicators. Iron status indicators were also assessed by inflammation status of the children defined by APP "neither elevated," "either elevated" or "both elevated." It is noteworthy that the trend for ZPP (P = 0.030), ferritin (P , 0.001), TfR (P = 0.004), and EPO (P , 0.001) was consistently increasing across these categories and that the trend for Hb (P , 0.001) was in the opposite direction. The mean values did not differ between the subgroups "neither elevated" and "either elevated" (P . 0.05 for all comparisons). In the either elevated subgroup, 73 children had elevated AGP but not CRP and only 8 children had elevated CRP but not AGP. Because of the small number in the latter category, we did not have enough power to compare the APP singly (Table 4) .
Overall, the prevalence of anemia and/or iron deficiency varied depending on the iron status indicator and cutoff used. Using a Hb cutoff of 100 g/L, 43.4% of all children were anemic. Even using the ferritin cutoff of 30 mg/L to account for prevalent inflammation, the percentage of children who were iron deficient as indicated by ferritin (35.5%) was still lower than that of those indicated by ZPP (85.3%) or TfR (93.8%) ( Table 5 ). The percentages of anemic or iron-deficient children did not differ between the neither elevated or either elevated subgroups.
The influence of the APP on the iron status indicators. Nonparametric exploratory scatter plots revealed that at low values of log ferritin (,1.50 mg/L), Hb was directly (i.e. positively) related to log ferritin (Fig. 1A) . This is the expected relationship if low ferritin is reflecting iron deficiency. However, at high values of log ferritin, the direct relationship changed to an inverse relationship. The Hb-log ferritin inflection point (1.50 mg/L) corresponds to the commonly cited cutoff for iron deficiency using ferritin in the presence of inflammation (30 mg/L).
In simple linear regression of Hb on ferritin, the slope of the line was negative, reflecting the majority of the data, which were to the right of the inflection point (Fig. 1B) . We then adjusted for the APR in a stepwise manner by sequentially adding reported recent fever, CRP, and AGP. Adding reported recent fever had only a slight effect on the slope. However, adjusting for either AGP or CRP reversed the inverse relationship to a positive iron deficiency relationship (Fig. 1B) . The best fit model retained reported recent fever, AGP, and CRP and their interactions with ferritin, although the main effects of reported recent fever and CRP and their interactions with ferritin were not significant (reported recent fever main effect, P = 0.911; interaction, P = 0.547; and CRP main effect, P = 0.600; interaction P = 0.307), whereas the main effect of AGP and the ferritin by AGP interaction were significant (main effect, P = 0.109; interaction, P = 0.046) (R 2 = 0.241; P , 0.001). 3 Elevated AGP but not CRP (n = 73) and elevated CRP but not AGP (n = 8). 4 Ferritin, TfR, EPO, and CRP were log-transformed before analysis; untransformed data are presented. In general, Hb was inversely related to ZPP (Fig. 2) . Adjusting for the APR, the predicted relationship at the 10th percentile of the APP revealed an upward shift in the y-intercept (by 9.3 g/L Hb) but did not change the slope much. In other words, after adjusting for the APR, the predicted value of Hb for a given ZPP was 9.3 g/L higher, but the relationship between the variables was otherwise unchanged. The best fit model had reported recent fever and AGP but no CRP (R 2 = 0.253; P , 0.001) (Fig. 2B) .
Lastly, both the Hb-TfR and Hb-EPO scatter plots and their predicted relationships at the 10th percentiles of CRP or AGP were in the inverse direction, as expected. Adjusting for the APR changed the slopes slightly. The best fit Hb-TfR (Fig. 3) and Hb-EPO (Fig. 4 ) models had reported recent fever and AGP but no CRP (R 2 = 0.310 and 0.292, respectively; P , 0.001).
Discussion
The measurement of Hb is widely used in nutritional surveys to screen for anemia as a proxy for iron deficiency because of its simplicity and low cost (31) . However, Hb does not distinguish between iron deficiency anemia and anemia of inflammation (10) . In the absence of inflammation, ferritin is thought to be the most sensitive indicator for iron deficiency, although its usefulness in the presence of inflammation is questionable. Ferritin is a positive APP that is elevated during an APR. TfR has been promoted as the iron status to use in the presence of inflammation; however, because it is affected by the rate of erythropoiesis, age -cutoffs are still urgently needed (32, 33) . ZPP assay can easily be performed on whole blood or dried spots; however, like EPO and TfR, these indicators can be elevated by malaria or other chronic infections (17, 32, 34, 35) . Because of the potential disadvantages of iron status indicators, there has been no agreement on the best laboratory criteria for the assessment of iron deficiency in populations with prevalent inflammation. WHO/CDC has proposed the use of multiple iron status indicators and has called for more research on best ways to account for the influence of inflammation (10) .
To deal with the influence of the APR on iron status indicators, a number of approaches have been used. In the first approach, the cutoffs of the iron status indicators have been adjusted to account for this influence. For instance, in children ,5 y, the suggested cutoff for ferritin shifts from the normal 12-15 mg/L cutoff to 30-50 mg/L (36). This is problematic because it does not provide a distinct international standard. Additionally, it is difficult to arrive at a single cutoff because of varying degrees of inflammation. In a second approach, some authors have excluded individuals with inflammation from analysis. This approach may reduce the sample size significantly, especially in developing countries where many asymptomatic individuals have chronic inflammation (17, 37) . It can therefore result in biased findings. A third approach proposed more recently involves deriving correction factors by dividing the reference median value by the median for the respective groups with raised APP (38) . Although this approach seems promising, the usefulness of this formula has not been confirmed by other researchers. Also, the authors admit that not all surveys will produce a reference group of sufficient sample size to calculate reliable correction factors (39) . Furthermore, this approach does not specify which marker of the APR is ideal.
Because the above 3 approaches have drawbacks, we attempted to adjust for the influence of the APR on iron status indicators by regression modeling. From our initial analysis, the APR in this age group was predominantly driven by malaria infection, which was found to be proinflammatory, in contrast to helminth infection. We initially theorized that helminth infections would be proinflammatory (Th1 response) in these children, with primary infection based on experiments on mouse model strains that have been shown to induce Th1 responses to primary infections as opposed to polarized Th2 responses typical of helminthiasis (40) .
The relationship between Hb concentration and iron status indicators Hb vs. ferritin. Ferritin is linearly related to iron stores in healthy individuals (41) . Therefore, in a situation where children do not have chronic infections, we expect to see those with high values of Hb having concomitant high ferritin concentrations. In the present study, the best fit model that depicts this relationship has both AGP and CRP as continuous variables with the calculated 10th percentile of the APP. Reported recent fever alone as a marker of the APR was not sufficient to adjust for the influence of the APR on ferritin. This finding is important especially for nutritional surveys where no APP is measured.
During an acute infection, ferritin increases rapidly and in parallel to CRP (15), whereas during a chronic infection, ferritin Chronic infections and iron status indicators 2129 behaves more like AGP, which remains elevated as clinical symptoms disappear because ferritin has a longer time course than CRP (15, 42, 43) . The degree to which ferritin increases is influenced by the underlying iron status (44) , whereas the rise in the APP is related to the severity of infections (45) . Because iron status and severity of infection fluctuate significantly within and between individuals, it is difficult to quantify the APR or iron status using ferritin alone during both acute and chronic infections. In the initial phase of infection, CRP may better predict the behavior of ferritin, whereas in the later stages of inflammation, AGP is a better predictor of the influence of the APR on ferritin (42). Although we theorized that the children in our study had chronic infections, it is likely that they may have had undetected acute infections and hence the necessity of both APP to adjust for the influence of the APR.
Unlike a previous study in Zanzibari school children where ferritin was directly (i.e., positively) related to Hb regardless of malaria parasitemia (17) , in the young children we studied, ferritin was inversely related to Hb before adjusting for the APR. This is because prevalent subclinical infection simultaneously drives down Hb and drives up ferritin.
Hb vs. ZPP, TfR, and EPO. The direction of the predicted relationship between Hb and ZPP, TfR, and EPO was not influenced by the APR (Figs. 2-4 ). This is consistent with the current thinking that these iron status indicators are less perturbed by inflammation than is ferritin. In addition, although a positive correlation was noted between these iron status indicators and the APP, the strength of these correlations were weak.
Although TfR is not directly increased by the APR, it is thought to be indirectly decreased by inflammation because of reduced EPO production and suppression of erythropoiesis by cytokines (32) . Both ZPP [which is a product of disordered heme biosynthesis (46) ] and EPO [the hormone which regulates erythropoiesis (47)] were also inversely related to Hb.
Based on our observations that the APR slightly shifted the magnitude of the relationship between Hb and ZPP, TfR, and EPO but did not change the direction of the relationship as in the case of ferritin, we think that the influence of the APR on ZPP, TfR, and EPO is relatively small. However, the 9.3 g/L Hb shift in the y-intercept in the case of ZPP might be large enough to cause more frequent overdiagnosis of iron deficiency.
In conclusion, ZPP, TfR, and EPO were minimally influenced by the APR, whereas ferritin was immensely affected. Reported recent fever alone cannot be used to adjust for the APR in nutritional surveys, even where fevers are common. The best fit Hb-ferritin model had reported recent fever, AGP, and CRP, whereas the best fit Hb-ZPP, Hb-TfR, and Hb-EPO models had reported recent fever and AGP but no CRP. We therefore recommend the use of multiple markers of the APR to adjust for its influence on iron status indicators. If only 1 APP can be measured, either AGP or CRP is useful. However, AGP best predicted the APR in a population with prevalent and chronic inflammation.
